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Abstract The objective of this work was to develop a method
to determine the concentrations of higher organic acids in
snow samples. The target species are the homologous
aliphatic α,ω-dicarboxylic acids from C5 to C13, pinonic
acid, pinic acid and phthalic acid. A preconcentration
procedure utilizing solid phase extraction was developed
and optimized using solutions of authentic standards. The
influences of different parameters such as flow rate during
extraction and the concentration of the eluent on the
efficiency of the extraction procedure were investigated.
The compounds of interest were separated by HPLC and
detected by a quadrupole time-of-flight mass spectrometer
(qTOF-MS). The recovery rate (extraction efficiency) of the
extraction procedure was found to vary between 41% for
tridecanedioic acid and 102% for adipic acid. The limits of
detection were determined for all compounds and were
between 0.9 nmol/L (dodecanedioic acid) and 29.5 nmol/L
(pinonic acid). An exception is pinic acid, for which a
considerably higher detection limit of 103.9 nmol/L was
calculated. Snow samples were collected in December 2006
and January 2007 at the Fee glacier (Switzerland) from
locations at heights from 3056 to 3580 m asl and from
different depths within the snow layer. In total, the analysis
of 61 single snow samples was performed, and the following
compounds could be quantified: homologous aliphatic α,ω-
dicarboxylic acids with 5–12 carbon atoms and phthalic acid.
Tridecanedioic acid, pinonic and pinic acid were identified in
the samples but were not quantified due to their low concen-
trations. The three most abundant acids found in the molten
snow samples were glutaric acid (C5-di; 3.90 nmol/L),
adipic acid (C6-di; 3.35 nmol/L) and phthalic acid (Ph;
3.04 nmol/L).
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Introduction
Atmospheric aerosol particles are known to contain organic
carbon material in variable amounts depending on their
location. In some parts of the world, organic compounds
make up the majority of the total suspended particle mass
[1–3]. Dicarboxylic acids are among the most abundant
contributors to organic carbon and are thus main constitu-
ents of the atmospheric aerosol mass [4, 5]. Due to their
low vapor pressure [6], dicarboxylic acids are predomi-
nantly present in the condensed phase, such as in rain,
clouds or in aerosol particles [7–10]. They are ubiquitous in
the atmosphere; measurements are reported from urban
[11–15], continental background [16–19], remote marine
[20–24] and polar aerosols [25, 26].
They have also been observed in snow samples [27]. In
Arctic snow samples, oxalic acid is usually most abundant,
followed by malonic, succinic and glutaric acid [28].
However, in snow samples collected in urban environments
(Tokyo), succinic, azelaic or phthalic acid were found as the
second most abundant acids after oxalic acid [29]. The total
mass of the observed dicarboxylic acids can vary over a
few days, with differences in concentration of up to an
order of magnitude observed [28, 30].
The concentrations and relative abundances of dicarboxyl-
ic acids are controlled by primary sources and secondary
formation through photooxidation processes. Direct emissions
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originate from fossil fuel combustion [31, 32], biomass
burning [33–37] and sources such as meat cooking [38].
Secondary sources include the photooxidation of unsaturated
fatty aids [22, 39] and cyclic alkenes [40]. The relative
contributions of these sources and their temporal and spatial
variabilities are still unclear [21]. A recent model study for
the North Pacific implies that C2–C7 dicarboxylic acids are
of anthropogenic origin, whereas C8–C11 species may be of
natural origin, and are possibly emitted from the ocean [21].
Carboxylic acids are also constituents of biogenically emitted
compounds such as terpenes forming secondary organic
aerosols (SOAs) [41]. Photochemical oxidation studies of the
monoterpenes α- and β-pinene have shown to produce low-
volatile acids as such as pinic and pinonic acid [42–51].
Atmospheric aerosol plays a key role in the radiative
budget of the Earth’s atmosphere, directly by absorbing and
scattering of radiation and indirectly through the formation
of cloud condensation nuclei (CCN) [52, 53]. Dicarboxylic
acids may be important contributors to the activation of
aerosol particles to CCN [54, 55]. Laboratory experiments
have shown that particles containing dicarboxylic acids
demonstrate similar CCN activity to sulfate particles [56,
57]. However, for aliphatic saturated dicarboxylic acids, the
CCN activity decreases with their water solubility and
chain length [58]. On the other hand, it has been shown that
for phthalic acid the CCN activity is similar to that for
malic acid, although phthalic acid is not very soluble [59].
Moreover, dicarboxylic acids may play a decisive role in
ice nuclei formation [60], even if their mass fraction of the
total organic aerosol is of only 2–4% [4]. It has been shown
in laboratory experiments that oxalic acid forms heteroge-
neous ice nuclei [60], while higher dicarboxylic acids
instead inhibit ice nucleation [56]. The identification and
quantification of dicarboxylic acids in fresh snow samples
is an initial step towards understanding their possible role in
ice nucleation processes.
The objective of this paper is to report on the qualitative
and quantitative analysis of dicarboxylic acids in snow
samples. The development of the complete analytical
method includes a number of steps such as snow collection
and storage, sample preparation, isolation of the analytes,
their identification, and finally quantification. The method
describes the preconcentration of the collected snow
samples using solid-phase extraction followed by identifi-
cation by LC/MS-TOF.
Experimental
Background information on SPE
Solid-phase extraction (SPE) was introduced in the early
1970s and offers a magnitude of advantages over the more
frequently used liquid–liquid extraction (LLE), where
especially the lack of availability of large volumes of
ultrapure organic solvents has been found to be a major
disadvantage [61]. SPE is particularly well adapted to
handling large water samples and is preferentially used for
the removal of interfering compounds using appropriate
washing solvents. Trace organic compounds are retained on
the appropriate sorbent while the water passes through, and
they are later recovered by elution with a small volume of
(in)organic solvent [62]. SPE is a simple LC process and
involves the partitioning of the analytes to be extracted
between a solid and a liquid phase. These analytes must
have a greater affinity for the solid phase than for the
sample matrix (adsorption or retention step). The com-
pounds retained on the solid phase (sorbent) can be
removed at a later stage by eluting with a solvent with a
greater affinity for the analytes (desorption or elution step).
In modern SPE, the sorbent is packed between two
fritted disks positioned in cartridges made of glass or
polypropylene. The elution solvent is passed through the
cartridge by gas pressure or gravity, or sucked by means of
a small membrane pump or syringe. Different sorbent
materials for SPE can be used depending on the chemical
nature of the analytes, such as octadecyl- or octylbonded
silica, porous styrene-divinylbenzene copolymers, graphi-
tized carbon, silica- and polymer-based ion-exchangers, or
metal-loaded sorbent [61, 63, 64].
Sample processing in SPE involves four distinct steps
[65]:
1) Conditioning of sorbent.
Before use, the solid phase must be conditioned with the
appropriate solvent in order to improve the reproducibility
of analyte retention. The functional groups of the particle-
loaded membranes must be solvated and thus activated.
Also in this step, the unwanted matrix impurities of the
sorbent, cartridges and disks arising from their manufacture
must be eliminated in order to minimize contaminations
[66]. Next, the conditioning solvent is rinsed from the
sorbent with the same solvent as the sample solvent (or a
similar solvent with respect to polarity, pH and ion
activity). During this process, care must be taken that the
sorbent does not dry out, in order to achieve a high and
reproducible recovery rate.
2) Retention or sorption step.
The analyte sample will be applied by means of a small
vacuum or pressure, and through this process the analyte
will be retained by the sorbent and thus preconcentrated.
The flow rate should be small enough to warrant maximal
retention.
3) Optional washing step.
After the sample has been processed, the solid sorbent is
rinsed with a weak solvent to displace unwanted matrix
1460 M. Kippenberger et al.
components from the sorbent material without displacing
the analytes.
4) Desorption or elution step.
The analytes of interest are eluted from the sorbent with
a small volume of an appropriate solvent for subsequent
chemical analysis. Care must be taken that the unwanted
matrix components are retained on the sorbent. A drop-by-
drop elution (percolation) is an ideal way to achieve a high
recovery rate. It is also advisable to use several smaller
portions instead of just one large portion.
Experimental SPE conditions
For the preconcentration of organic acids in snow samples, the
SPE cartridges used in this work contained a strong anion
exchange (SAX) material. The retention of the analytes relies
on the electrostatic interaction between one or more negative-
ly charged functional groups of the analytes and the positively
charged functional group of the sorbent.
The retention mechanism of the SAX cartridges is well
suited to the preconcentration of organic acids, since it is
possible to retain ionic species with very different polarities.
Furthermore, nonionic compounds which are also in the snow
samples are not retained by the SAX cartridges and therefore
do not cause problems in the subsequent MS analysis.
The SPE-SAX material used in this study and supplied
by the firm Supelco (Bellefonte, PA, USA) contains an
aliphatic quaternary amine group that is covalently bonded
over a short alkyl chain to a silica surface (see Fig. 1). A
quaternary amine is a strong base and exists as positively
charged cation that exchanges or attracts anionic species in
the contacting solution—thus the term “strong anion
exchanger.”
Silica has the advantage of being very pressure-stable, and
it does not shrink nor swell upon contact with organic
solvents. The silica gel base material consists of 50-μm
irregularly shaped particles with a 70-Å pore diameter. Strong
anion exchange is very well suited to aqueous matrices with
low salt contents (<0.1 M) and the extraction of carboxylic
acids, which would not otherwise be sufficiently bonded
because of their weakly acidic character.
The functional groups of the sorbent and analyte must be
available in a charged state to achieve an efficient
electrostatic retention mechanism. The pKa of a quaternary
amine is very high (greater than 14). It is permanently
charged at all pHs in aqueous solution. As a result, SPE-
SAX is used to isolate strong anionic (very low pKa, <1) or
weak anionic (moderate low pKa, >2) compounds, as long
as the pH of the sample is sufficiently high so that the
compound of interest is charged.
During the retention step, the pH value of the analyte
solution should lie two pH units above the first pKa value of
the dicarboxylic acid, whereas during the elution the pH
value should remain two units below the second pKa value
of the analyte. The latter compounds then reside in their
neutral form and are no longer bonded to the sorbent
material.
The SAX-filled cartridges were first conditioned with a
certain amount of methanol depending on the cartridge size
and sorbent mass: 5 mL CH3OH for 100 mg sorbent, and
50 mL CH3OH for 1 g sorbent. Next, they were rinsed with
10 mL or 50 mL H2O, respectively. During this step, the
solid-phase sorbent was not completely dried. The analyte
was sucked at a flow rate of 5 mL/min through the solid
phase, which was then dried under a slight vacuum for 10
min. To elute the analytes from the sorbent, small volumes
(2 mL or 4 mL, respectively) of 0.1 N HCl solutions were
forced, using a slight overpressure of purified N2, through
the sorbent. The flow rate remained at about 0.7–1.0 mL/
min. The extracted analytes were collected in screw-cap
vials and stored at 4 °C. The analysis by LC/MS occurred
within 36 hours of the extraction.
LC/MS-TOF analysis
The separation of the analytes was performed with high-
pressure liquid chromatography (HPLC). One hundred
microliters of the SPE extract were directly injected into
the HPLC system, which consisted of a thermostated
autosampler (Series 200, Perkin Elmer, Norwalk, CT,
USA), a degasser and a quaternary pump (both 1100
Series, Agilent Technologies, Heilbronn, Germany). The
analytical column was a ReproSil-Pur C18-AQ (250 mm×
2 mm I.D., 5 µm particle size) in a stainless steel cartridge
(Dr. Maisch GmbH, Ammerbuch, Germany).
“Large volume injection” is possible due to the low
organic content of the eluent at the beginning of the
chromatographic procedure. Its low solvent strength leads
to a focusing of the analytes at the beginning and thus to
preconcentration on the column. The authors chose 100 µL
as the injection volume because it is possible to take
advantage of the preconcentrating effect while the volume
is still sufficiently small in order to ensure a linear response
with respect to concentration. The described gradient has
already previously been successfully applied to the quan-
tification of oxodicarboxylic acids [67].
The vials were kept in the autosampler at 7 °C by means
of a Peltier cooler. A 0.2 μm prefilter prevented theFig. 1 Retention mechanism employed by the SPE-SAX sorbent
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analytical column from being plugged by particles arising
from the injected samples.
The eluents were 0.1% formic acid in water (eluent A)
and acetonitrile (eluent B). The gradient of the mobile
phase was as follows: 0% B from 0 to 0.5 min, gradient to
15% B from 0.5 to 4 min, gradient to 95% B from 4 to
20 min, gradient to 0% B from 20 to 23 min, and isocratic
0% B from 23 to 29 min. The flow rate was kept at 400 µL/
min. The role of HCOOH was to reduce the pH of the
eluent, so that the dicarboxylic acids remained undissoci-
ated in their molecular form. This improved the resolution
of the chromatographic separation.
The HPLC system was coupled to a hybrid mass
spectrometer (quadrupole and time-of-flight) QSTAR (Ap-
plied Biosystems MDS SCIEX, Toronto, Canada) by an
electrospray ion source. This instrument combines tandem
mass spectrometry (MS/MS) with the high mass resolution of
a time-of-flight detector (TOF). The mass accuracy was below
10 ppm. For mass calibration, the authentic standard
compounds glutaric acid (C5-di) and tridecanedioic acid
(C13-di) were used to calibrate the mass spectrometer
internally. The electrospray source was operated in the
negative mode (ESI-) at 400 °C and an ionization voltage
of −4 kV.
Materials
To calibrate and evaluate the analytical system, the following
standards (with their abbreviations and stated purities given in
parenthesis) were used: glutaric acid (C5-di, 99%), adipic acid
(C6-di, 99%), suberic acid (C8-di, 98%), decanedioic acid
(C10-di, 99%), dodecanedioic acid (C12-di, 99%), tridecane-
dioic acid (C13-di, 99%), pinic acid (98%), pinonic acid
(98%) and phthalic acid (Ph, 99.5%) from Sigma-Aldrich
(Steinheim, Germany); pimelic acid (C7-di, >99%), and
azelaic acid (C9-di, >99%) from Fluka (Buchs, Switzerland).
To condition the solid phase (“gradient grade”) and prepare
standard solutions, (“hyper-grade”) methanol from Merck
(Darmstadt, Germany) was used. The SPE, DSC-SAX
cartridges were obtained from Supelco with 20 µm-fritted
disks made of polyethylene. Water was purified with Purelab
Ultra (Vivendi, Ransbach-Baumbach, Germany), with a rest
resistance of 18.2 MΩ. The eluents, water (with added 0.1%
HCOOH) and acetonitrile, for the HPLC system were
supplied by Riedel de Haën (Selze, Germany).
Results
Laboratory experiments and method development
The main objective of this work was to develop one analytical
procedure that could quantify as many compounds as possible
using only one extraction method. Since the compounds differ
substantially in their physical properties (e.g., solubility,
polarity), it was not possible to optimize the recovery for
every single compound with the same procedure. Hence, the
described method represents a compromise between the
demand for high recoveries and its applicability to a broad
range of compounds.
Optimization of the SPE method
In the initial phase of the optimization of the SPE method,
the recovery rates of the solid-phase extraction method for
standard solutions of dicarboxylic acids were determined.
The first attempts at elution were performed with solutions
of 1.0 N HCl. These strongly acidic solutions caused
problems with the LC/MS analysis. During the chromato-
graphic separation, a strong background signal was ob-
served at the masses m/z 160.93, 162.93, 164.93, 195.92,
197.92, 199.92 and 201.92, producing peaks with signal
intensities comparable to those produced by the individual
analytes. This can be observed in Fig. 2, where the total ion
chromatogram (TIC, Fig. 2a) of the extract of a standard
solution is shown together with the extracted ion chro-
matogram (XIC, Fig. 2b) for the suberic acid anion (m/z=
173). The complete mass spectrum in the retention time
range from 10.6 to 10.9 min is displayed in Fig. 2c,
showing the background signals and the analyte (m/z=173).
The probable cause of the strong background signal is a
hydrolysis reaction on the stationary phase of the HPLC
column, which is catalyzed by HCl. This evidence is based
on the observation that the background peaks were no
longer visible after flushing the column with HCI-free
solutions for a few hours. If the observed mass peaks were
impurities in the HCl solutions, they would have been
detected as single peaks, and not during the whole record of
the chromatogram. Tests where the concentration of HCl
was varied showed that the background mass spectral peaks
increased in proportion to the HCl concentration.
The hydrolysis products that were released from the
column caused a decrease in the ionization efficiency of the
ESI with respect to the analytes. This effect considerably
reduced the sensitivity of the mass spectrometer. At
elevated background levels, the relationship between peak
area and concentration was found to depart from linearity
for dicarboxylic acid concentrations larger than 1.0 μmol/L.
At reduced background levels, however, linearity was
found to hold for dicarboxylic acid concentrations up to
10 μmol/L.
The decrease in the ionization efficiency of the analytes is
related to the electrochemical character of the electrospray
ionization. It could be considered a special form of a redox
reaction, where in the negative ESI mode those compounds
that possess the highest redox potential are ionized [68]. After
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all of the molecules of that class have been ionized, then the
compounds with the second highest redox potential are
ionized, and so on. The greatest number of ions formed per
unit time is limited by the electrical current, however, and
not by the flow rate. The nonlinear effects observed during
the calibration indicate that the compounds released from the
HPLC column possess a higher redox potential than the
analytes, and are therefore preferentially ionized. Conse-
quently, the dynamic range of the mass spectrometer is
strongly reduced. The dynamic range is defined as the
concentration range over which the response factor RF is
independent of the analyte concentration.
Recovery rates of authentic standards
Optimization of the flow rate Initially, the effect of the flow
rate on the recovery rate during the extraction was
investigated. The manufacturer of the cartridges advised
that a maximum flow rate of 5 mL/min should be used,
whereas for the ion exchange products a maximum flow
rate of 2 mL/min was recommended.
This would have caused very long extraction times of
several hours for molten snow sample volumes of 500 mL.
Recovery rates were measured for aqueous standard solutions
of a series of dicarboxylic acids with identical concentrations
of 5 nmol/L. By inserting a throttle valve between the
membrane pump and the cartridge, the subpressure and thus
the flow rate could be regulated. This setup allowed us to
estimate the number of droplets that passed through the
extraction column. The flow rate could be adjusted between
2.4 and 9.0 mL/min. The recovery rates are summarized in
Table 1. No significant reductions in the recovery rates of the
analyzed compounds were observed for the higher flow
rates. Further extractions were therefore carried out with flow
rates of between 2 mL/min and 4 mL/min.
Effect of the HCl concentration The hydrochloric acid used
for the extraction caused the hydrolysis of the column
material, but at the same time a strong inorganic acid is
needed for the elution of the analytes. Hence the concen-
tration of hydrochloric acid was reduced to 0.1 mol/L. The
background levels in the mass spectra were considerably
reduced upon lowering the HCl concentration from 1 N to
0.1 N. The recovery rates for the dicarboxylic acids were
nearly identical for both HCl concentrations up to a chain
length of twelve carbon atoms (dodecanedioic acid). For
tridecanedioic acid, a drop of 9% was noted. The recovery
rates for 0.1 N HCl solutions and the ratio between the
recovery rates for 0.1 and 1 N solutions are presented in
Fig. 2 a Total ion chromato-
gram (TIC) of a standard solu-
tion of dicarboxylic acids; b
extracted ion chromatogram
(XIC) of mass m/z 173 for
suberic acid; c complete mass
spectrum at retention time 10.6–
10.9 min. The observed back-
ground signals are explained in
the main text




C5-di C6-di C7-di C8-di C9-di C10-di C11-di C12-di
2.4 85 103 90 81 72 72 611 30
3.8 71 100 81 65 62 63 661 33
6.2 71 101 85 71 71 75 701 39
9.0 71 102 80 65 62 74 591 35
1 Interpolated
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Table 2. A further reduction in the HCl concentration to
0.05 mol/L gave recovery rates of 60% or less without
lowering significantly the background level. For this reason
a HCl concentration of 0.1 mol/L was chosen for the
elution of the analytes.
In order to assess the overall reproducibility of the
analytical procedure, four extractions of authentic standards
were conducted. The recovery rates of the authentic
standards and their standard deviations were determined,
as displayed in Table 2. Standard deviations for all
compounds were between 1.4 and 4.8%. The precision of
the analytical method is thus about 5%.
The decrease in the recovery rates of linear dicarboxylic
acids is probably caused by the increasing chain length
beyond dodecanedioic acid (C12-di), which results in
increasing nonpolar interactions between the alkyl chain
of the dicarboxylic acid and the solid phase (SAX).
Attempts were undertaken to reduce this effect by mixing
in 15% methanol. However, the added methanol caused
asymmetry and broadening of the peaks in the chromato-
gram, so further elutions were performed without the
addition of organic solvent. The limit of detection for each
compound was calculated as three times the standard
deviation of the background noise of the extracted ion
chromatogram baseline from a solution of standards. The
recovery rates of the C8 to C13 dicarboxylic acids could be
fitted by a quadratic function (R2=0.9979).
It should be noted that the recovery rates for C12-di in
Table 2 are about a factor two lower than the values in
Table 1. The optimization of the flow rate was performed a
few weeks prior to the measurements cited in Table 2. The
differences between the recovery rates in Tables 1 and 2 are
attributed to an improved elution procedure where the 0.1 N
HCl solution was added in four small portions rather than
one. Each portion of solution was allowed to wet the sorbent
for 1 min prior to being forced into the screw-cap vial by
overpressure. This resulted in higher recovery rates for most
analytes, especially for the higher dicarboxylic acids (> C8).
Breakthrough volume The breakthrough volume was
checked by conducting extractions with two cartridges in
a series with sample volumes of 600 and 1000 mL with a
flow-rate of ~4 mL/min. The analytes were then extracted
and quantified as described previously in the text. It was
found that the analytes were only retained on the first
cartridge and that no breakthrough to the second cartridge
was observed. Hence, it can be stated that the breakthrough
volume is larger than 1000 mL.


























131.0310 6.7 1.9 11.8 39.6 65 3.8 1.13
Adipic acid
(C6-di)
145.0450 8.0 0.5 8.2 27.3 102 1.9 1.07
Pimelic acid
(C7-di)
159.0584 9.4 0.2 6.9 22.9 92 4.8 1.02
Suberic acid
(C8-di)
173.0718 10.7 0.1 4.0 15.4 76 1.4 1.10
Azelaic acid
(C9-di)
187.0879 11.9 0.1 1.3 4.3 79 1.6 1.08
Sebacic acid
(C10-di)
201.1021 13.0 0.1 1.9 6.1 77 4.9 1.11
Undecanedioic
acid (C11-di)
215.2306 13.81 0.1 0.6 2.0 711 - -
Dodecanedioic
acid (C12-di)
229.1300 14.8 0.1 0.9 3.0 61 3.5 0.97
Tridecanedioic
acid (C13-di)
243.1414 15.7 0.4 2.5 8.3 41 2.4 0.91
Phthalic acid
(Ph)
165.0090 9.48 0.3 9.6 32.0 83 1.8 -
Pinonic acid 183.0844 11.3 - 29.5 98.2 74 3.0 -
Pinic acid 185.0629 10.1 - 103.9 346.4 53 3.5 -
Detection and quantification limits refer to the concentrations in the extract
1 Interpolated
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Identification of the analytes
The identification of the detected peaks in snow samples was
based on a comparison of the retention times of the peaks in
the selected ion chromatogram (XIC) with the retention times
of authentic standards. A summary of the identified com-
pounds in snow is given in Table 2, together with the
calibrated mass of the quasi ion (M-H)−, the retention time,
and its relative standard deviation (RSD) for real samples.
Figure 3 shows typical extracted ion chromatograms of
the target species in a standard solution, illustrating the
efficiency of the chromatographic separation of the acids.
The retention time increases with the chain length of the
dicarboxylic acids due to the decreasing polarity with chain
length. Since no standard was available for undecanedioic
acid, the retention time was interpolated by linear regression,
with the square of the correlation coefficient being R2=0.99.
Quantification of the analytes
Standard solutions were prepared for every analyte by
dissolving 7–10 mg in 5 mL methanol (hyper-grade). The
mass was determined by exact weighing to an accuracy of
10–5 g. Aliqouts (80–220 µL) of these methanolic solutions
were then pipetted in a 10 mL volumetric flask which was
then filled to the calibration mark with ultrapure water. The
amount of the aliquot was chosen so as to obtain a stock
solution with a concentration of 100 μmol/L of each
compound.
The stock solution was then diluted with ultrapure water
to obtain standard solutions of 100 nmol/L, 250 nmol/L,
500 nmol/L, and 1000 nmol/L, which were analyzed using
the HPLC-ESI-MS method. The square of the correlation
coefficient (R2) was >0.99 for all linear calibration curves,
showing that the response of the instrument is directly
proportional to the concentration of the compound. All
concentrations of the extracts from the snow samples
analyzed in this work were in this dynamic range of
concentrations.
For every m/z value of each analyte and for each
concentration, the area of the peak was determined by
integration using the software Analyst QS.
The response factor RF is defined as the ratio of the peak
area PA to the concentration c:
RF ¼ Peak areaPAConcentration c
The response factors were determined for each analyte by
the linear regression of plots of peak area versus concentra-
tion. The response factors are plotted in Fig. 4 for a series of
dicarboxylic acids with carbon chain lengths ranging from
C8 to C13. The linear regression of this plot enabled the
determination of RF=42.3 for undecanedioic acid (C11-di).
As can be seen, the response factors increase with increasing
chain length, and thus with decreasing polarity and solubility
of the dicarboxylic acids. This observation can be explained
by the equilibrium-partitioning model [69].
The quantification limit was calculated as ten times the
standard deviation of the background noise of a solution of
authentic standard compounds. The values are summarized
in Table 1.
Field measurement
Snow sampling was performed in December 2006 and
January 2007 in the area of the Fee glacier, Switzerland
(44°7′ N, 7°55′ E) at heights of between 3056 and 3580 m
Fig. 3 Superposition of the individual extracted ion chromatograms for the analytes from a standard solution (the peak from pinic acid is not
visible due to its low height)
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asl. The snow samples were collected using a shovel made
of polypropylene and then transferred to 2-L precleaned
glass containers (soda lime glass, Wheaton) with PTFE-
coated polypropylene caps. The containers were stored at
−18 °C in darkness until analysis. The volumes of the
molten snow samples were between 200 and 500 mL.
Information on the samples, snow and ambient temper-
atures, sample locations and depths, and snow fall histories
are given in Table 3.
The individual samples along with sampling times, depth
of sampling and dicarboxylic acid concentrations are
summarized in Table 4. Their compositions are also
presented graphically in Fig. 5. Most samples were
collected from the top layer; however, samples were also
taken from various depths up to 80 cm. A homologous
series of the dicarboxylic acids (C5 to C12) and phthalic
acid were identified and quantified in the samples.
The molecular distributions of the dicarboxylic acids
presented in this study are consistent with the distributions
reported previously in the literature (see Table 5). Gener-
ally, glutaric acid (C5-di) was the most abundant (mean
3.90 nmol/L), followed by adipic acid (C6-di, 3.35 nmol/L)
and phthalic acid (Ph, 3.04 nmol/L). The concentrations of
pimelic (C7-di) and suberic acid (C8-di) were usually
considerably lower, while azelaic acid (C9-di) was the
fourth most abundant (2.12 nmol/L). The concentrations of
the higher homologous dicarboxylic acids (>C9-di) de-
crease rapidly with chain length and were one or two orders
of magnitude lower (0.09–0.47 nmol/L) than than those of
glutaric acid. Tridecanedioic acid (C13-di), pinonic acid and
pinic acid were detected in the samples but could not be
quantified due to their low concentrations.
The mean concentrations presented in this study range
between the concentrations found in the remote (Alert) and
Fig. 4 Response factors of dicarboxylic acids as a function of chain length







Remarks Layer Number of
samples
18.12.2006 10:30 3580 −13 −16 Snowfall event from 09.12.2006 (about 65 cm) Surface layer 4
−20 to −50 cm 4
19.12.2006 10:45 3580 −13 −20 Snowfall event from 09.12.2006 (about 65 cm) −40 to −60 cm 4
−60 to −80 cm 4
21.12.2006 10:00 3580 −12 −18 Snowfall event from 09.12.2006 (about 65 cm) Surface (loose) 8
22.12.2006 9:45 3580 −14 −18 Snowfall event from 09.12.2006 (about 65 cm) Surface (compact) 4
Surface (loose) 4
23.01.2007 10:30 3460 Snow fall since 22.01.2007 18:00 Surface layer 4
10:45 3290 Surface layer 4
11:00 3056 −3 −4 Surface layer 3
12:30 3340 −3 −7 Surface layer 5
13:00 3056 −3 −4 Surface layer 5
25.01.2007 14:30 3570 −14 −20 Snowfall event from 24.01.2007 0 to −5 cm 4
−10 to −30 cm 4
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Fig. 5 Compositions of higher
dicarboxylic acids in the snow
samples collected at the Fee
Glacier
Table 4 Concentrations (in nmol/L) of dicarboxylic acids in molten snow; the values in parentheses denote the standard deviations of multiple
samples (n=4 to 8) at each location
Sampling time, location
and snow depth
C5-di C6-di C7-di C8-di C9-di C10-di C11-di C12-di Ph Total acids
18.12.2006, 3580 m,
surface layer
7.0 (0.9) 2.8 (0.2) 1.1 (0.2) 1.5 (0.2) 2.3 (0.7) 0.3 (0.1) 0.3 (<0.1) 0.1(<0.1) 3.5 (0.3) 18.8
18.12.2006, 3580 m,
20–50 cm
6.8 (0.9) 2.3 (0.7) 1.2 (0.2) 1.4 (0.4) 2.0 (0.6) 0.2 (0.1) 0.1 (0.1) <0.1 (<0.1) 3.7 (0.5) 17.8
19.12.2006, 3580 m,
40–60 cm
1.0 (<0.1) 1.8 (0.8) 0.6 (0.1) 1.0 (0.1) 2.1 (0.3) 0.21(0.07) 0.2 (0.1) 0.1(<0.1) 0.4 (<0.1) 7.2
19.12.2006, 3580 m,
60–80 cm
2.1 (<0.1) 1.4 (0.4) 0.6 (0.3) 0.7 (0.4) 1.6 (0.5) 0.2 (0.1) 0.10(0.1) <0.1 (<0.1) 0.5 (0.1) 7.1
21.12.2006, 3580 m,
surface (loose)
5.8 (0.5) 5.3 (1.7) 0.9 (0.1) 1.1 (0.6) 0.8 (0.6) 0.3 (0.2) 0.2 (0.1) 0.1 (0.1) 3.3 (2.8) 17.8
22.12.2006, 3580 m,
surface (compact)
4.0 (0.4) 2.0 (0.4) 0.8 (0.1) 1.2 (0.3) 2.9 (1.0) 0.2(<0.1) 0.3 (0.2) <0.1 (<0.01) 1.9 (0.2) 13.1
22.12.2006, 3580 m,
surface (loose)
0.6 (0.4) 2.6 (0.1) 0.2 (<0.1) 0.4 (0.3) 0.9 (0.1) 0.1(<0.1) 0.1 (<0.1) 0.1(<0.1) 1.4 (0.5) 6.3
23.01.2007, 3460 m,
surface
20.6 (0.4) 6.1 (0.3) 1.4 (0.1) 3.7 (0.8) 4.9 (0.5) 1.2 (0.6) 0.2 (<0.1) 0.2 (0.1) 1.9 (0.1) 21.8
23.01.2007, 3290 m,
surface
2.7 (0.2) 3.3 (0.2) 0.8 (0.6) 2.0 (<0.1) 2.3 (0.2) 0.6(<0.1) 0.2 (0.2) 0.1 (0.1) 4.1 (0.8) 16.2
23.01.2007, 3056 m,
surface
1.6 (0.3) 3.5 (0.2) 1.2 (<0.1) 1.3 (0.2) 2.0 (0.3) 0.3(<0.1) 0.2 (0.1) 0.1(<0.1) 4.9 (0.6) 15.1
23.01.2007, 3340 m,
surface
6.6 (0.3) 2.4 (0.7) 0.5 (0.1) 5.7 (5.9) 1.2 (0.1) 2.2 (1.3) 0.7 (<0.1) 0.1(<0.1) 5.7 (3.1) 25.1
23.01.2007, 3056 m,
surface
6.1 (0.3) 6.4 (1.6) 0.7 (0.2) 2.1 (0.5) 2.1 (0.1) 0.2 (0.1) 0.2 (0.1) 0.1(<0.1) 2.1 (0.7) 19.9
25.01.2007, 3570 m,
0–5 cm
4.6 (1.9) 5.4 (1.1) 2.6 (0.7) 3.3 (0.5) 3.9 (0.3) 0.6(<0.1) 0.4 (<0.1) 0.2(0.1) 6.0 (0.1) 26.8
25.01.2007, 3570 m,
10–30 cm
3.6 (1.9) 1.6 (0.6) 0.5 (0.2) 0.4 (0.3) 0.8 (0.4) 0.1(<0.1) <0.1 (<0.1) 0.1 (0.1) 3.3 (0.7) 10.5
Mean value 3.9 (2.1) 3.4 (1.6) 0.9 (0.6) 1.8 (1.4) 2.1 (1.1) 0.5 (0.6) 0.2 (0.2) 0.1 (0.1) 3.0 (1.2) 16.0 (6.1)
Determination of higher carboxylic acids in snow samples 1467
urban locations (Tokyo, Sapporo), but are closer to those
reported from the remote sampling sites. All dicarboxylic
acids exhibit a high variability of concentration, depending
on the sample site and time (see Fig. 6). Air masses
originating from different locations (continental or marine
air) at the site prior to sampling are likely to be influential.
The reason for the high variability of concentrations on the
23rd January 2007 with respect to the sampling site could
not be determined. A strong influence of local primary or
secondary sources cannot, however, be ruled out.
Top layer samples
The concentration of each acid as well as the total
concentration show a high variability with respect to time
and location of sampling. The most abundant acids were
usually glutaric, adipic and azelaic acids. It has been
proposed that glutaric and adipic acid are predominantly
formed in the atmosphere by the photooxidation of
polycyclic aromatic hydrocarbons [11] and cyclic alkenes
[40], and are thus mainly of anthropogenic origin. The
concentrations of the higher dicarboxylic acids are gener-
ally lower, except for azelaic acid. The latter is formed in
the atmosphere by ozonolysis of long-chain biogenic fatty
acids [70] such as oleic (C18H34O2) and linolenic acid
(C18H32O2). Both of these acids have a double bond after
the ninth carbon atom, the ozonolysis of which leads to the
formation of azelaic acid [71].
Samples from depth
Samples from various depths within the snow layer were
taken on the 18th/19th December 2006 and 25th January
2007. On these days, samples were taken not only from the
top layer but also from depths of 10–30, 20–50, 40–60,
and/or 60–80 cm, respectively.
The samples from the surface layer and the samples from
20–50 cm show almost the same concentrations. The two









Min Max Mean Min Max Mean Min Max 19/20 Feb 26 Feb
Glutaric acid (C5-di) 0.6 7.0 3.9 1.1 5.1 4.3 4.8 12.1 78.5 14.8
Adipic acid (C6-di) 0.5 6.1 3.4 1.5 12.7 2.9 6.4 21.0 38.3 9.5
Pimelic acid (C7-di) 0.2 2.6 0.9 0.1 0.4 0.4 0.9 4.6
Suberic acid (C8-di) 0.4 5.9 1.8 0.2 0.8 0.5 4.4 6.6 12.6 2.0
Azelaic acid (C9-di) 4.9 3.9 2.1 0.6 2.5 1.9 4.5 61.1 46.8 11.8
Sebacic acid (C10-di) 0.1 1.2 0.5 <0.1 0.2 0.2
Undecanedioic acid (C11-di) < 0.1 0.3 0.2 0.1 0.1 0.1
Dodecanedioic acid (C12-di) < 0.1 0.2 0.1
Phthalic acid (Ph) 0.4 6.0 3.0 2.8 19.1 6.6 13.5 24.5 111.4 50.0
Fig. 6 Mean values of dicarboxylic acid concentrations; error bars represent the minimum and maximum values found in the snow samples
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samples from 40–80 cm also show similar compositions,
although the total concentration is less than 50% of that in
the two layers above. A possible explanation for this effect
could be dry deposition and sublimation of the snow. Both
processes would lead to higher dicarboxylic acid contents.
Since the snowfall event took place on the 9th December
2006, it is also possible that diffusion of acid particles
occurred within the layer, which would explain the constant
composition throughout the first two layers.
The samples taken in January 2007 exhibit far more
pronounced variations in concentration with respect to
sample depth. The acid concentration decreased by 38%
in the 10–30 cm layer as compared to the surface layer
composition. The snow was only present for roughly 24
hours before being sampled, so there was not enough time
for aerosol particle diffusion into the snow.
Conclusions
We have described the development and the optimization of
a solid-phase extraction method that is well suited to the
quantification of higher linear dicarboxylic acids, phthalic
acid, and pinonic acid in snow samples.
The recovery rates were determined using solutions of
authentic standards and found to be in the range of 41–102%,
while the reproducibility of the overall method was very good
(standard deviation ~5%). The background signal during the
mass spectrometric quantification was substantially lowered
by using 0.1 N HCl during the elution step, thus increasing the
linear range of the method to at least 10 µmol/L.
The method was successfully applied to snow samples
collected from the Fee glacier in Switzerland. The homol-
ogous aliphatic α,ω-dicarboxylic acids from C5 to C12 and
phthalic acid could be quantified, and a high variability in
concentration between different sampling sites, times and
depths was observed.
The observed high variability may be explained by the
different back trajectories of the air masses which arrived at
the Fee glacier prior to sampling and the different histories
of the snow of different depths within the snow layer.
Indeed sunlight, temperature, and oxidation potential of the
atmosphere (by OH radicals and ozone) may have
influenced the concentrations of the different dicarboxylic
acids collected.
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